Enrichment Soil nitrification is an important process for agricultural productivity and environmental pollution. Though one cultivated representative of ammonia-oxidizing Archaea from soil has been described, additional repre sentatives warrant characterization. We describe an ammonia-oxidizing archaeon (strain MY1) in a highly enriched culture derived from agricultural soil. Fluorescence in situ hybridization microscopy showed that, after 2 years of enrichment, the culture was composed of >90% archaeal cells. Clone libraries of both 16S rRNA and archaeal amoA genes featured a single sequence each. No bacterial amoA genes could be detected by PCR. A [13C]bicarbonate assimilation assay showed stoichiometric incorporation of 13C into Archaeaspecific glycerol dialkyl glycerol tetraethers. Strain MY1 falls phylogenetically within crenarchaeal group I.la; sequence comparisons to "Candidatus Nitrosopumilus maritimus" revealed 96.9% 16S rRNA and 89.2% amoA gene similarities. Completed growth assays showed strain MY1 to be chemoautotrophic, mesophilic (optimum at 25°C), neutrophilic (optimum at pH 6.5 to 7.0), and nonhalophilic (optimum at 0.2 to 0.4% salinity). Kinetic respirometry assays showed that strain M Y l's affinities for ammonia and oxygen were much higher than those of ammonia-oxidizing bacteria (AOB). The yield of the greenhouse gas N20 in the strain MY1 culture was lower but comparable to that of soil AOB. We propose that this new soil ammonia-oxidizing archaeon be designated "Candidatus Nitro soa rchaeum koreensis."
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Soil nitrification is an important process for agricultural productivity and environmental pollution. Though one cultivated representative of ammonia-oxidizing Archaea from soil has been described, additional repre sentatives warrant characterization. We describe an ammonia-oxidizing archaeon (strain MY1) in a highly enriched culture derived from agricultural soil. Fluorescence in situ hybridization microscopy showed that, after 2 years of enrichment, the culture was composed of >90% archaeal cells. Clone libraries of both 16S rRNA and archaeal amoA genes featured a single sequence each. No bacterial amoA genes could be detected by PCR. A [13C]bicarbonate assimilation assay showed stoichiometric incorporation of 13C into Archaeaspecific glycerol dialkyl glycerol tetraethers. Strain MY1 falls phylogenetically within crenarchaeal group I.la; sequence comparisons to "Candidatus Nitrosopumilus maritimus" revealed 96.9% 16S rRNA and 89.2% amoA gene similarities. Completed growth assays showed strain MY1 to be chemoautotrophic, mesophilic (optimum at 25°C), neutrophilic (optimum at pH 6.5 to 7.0), and nonhalophilic (optimum at 0.2 to 0.4% salinity). Kinetic respirometry assays showed that strain M Y l's affinities for ammonia and oxygen were much higher than those of ammonia-oxidizing bacteria (AOB). The yield of the greenhouse gas N20 in the strain MY1 culture was lower but comparable to that of soil AOB. We propose that this new soil ammonia-oxidizing archaeon be designated "Candidatus Nitro soa rchaeum koreensis."
Eutrophication of terrestrial and aquatic systems, caused by industrial production and use of artificial nitrogen fertilizers worldwide, has led to a host of environm ental problem s (13) . A utotrophic nitrification is a microbially m ediated process that converts ammonia to nitrate and thus plays an essential role in soil nitrogen cycles. In agricultural systems, nitrification results in substantial loss of soil fertilizer nitrogen (50 to 70%) (75) due to metabolic coupling with denitrification (13) and anaer obic ammonia oxidation (33) that discharges nitrogen as dini trogen gas. Soil nitrification from increased agricultural ac tivities contributes significantly to global warming, since nitrification is a major source of the strong greenhouse gas nitrous oxide (N20 ) , which has a ca. 300-times-higher warming im pact than C 0 2 (66) . Nitrous oxide emissions are also respon sible for ozone depletion in the stratosphere (19) .
The first step of nitrification, oxidation of ammonia, long thought to be exclusive to the domain Bacteria (10) , was re-* C o rresp o n d in g a u th o r. M ailing address: D e p a rtm e n t o f M icrobi ology, C h u n g b u k N atio n al U niversity, 12 G aeshin-dong, H eungdukgu, C h eo n g ju 361-763, S outh K o rea. P h o n e: 82 cently tied to the archaeal domain: metagenomic analysis showed that a soil fosmid clone harbored both archaeal 16S rR N A and am oA-like genes (86) . In an independent study, archaeal am oA-like genes were also recovered from surface w aters of the Sargasso Sea (90) . There is growing evidence that these archaeal am oA genes occur widely in a variety of envi ronm ents, including soils and marine habitats (49, 97) . Further, critical evidence for autotrophic ammonia-oxidizing archaea (AOA) was obtained by the characterization of the cultivated mesophilic Crenarchaea (recently proposed as Diaumarchaea [12] ) from marine (group I.la ) (40, 59, 97) and hot spring (group I.lb and therm ophilic A O A lineage) environments (21, 28) . The contribution of A O A to the nitrification of soil is still controversial. Quantitative analysis of amoA gene copies has indicated that A O A can predom inate over ammonia-oxidizing bacteria (AOB) in various soils (16, 49) . Also, copy numbers of archaeal amoA genes were found to increase and 13C 0 2 was incorporated into genomic D N A of the A O A during ammonia oxidation (99) . Additionally, expression of archaeal amoA was elevated in am m onia-am ended soils (49, 86) . In contrast, there have been several recent reports dem onstrating th at growth of AOB (not A O A) can be coupled with ammonia oxidation in soils. For example, 13C 0 2 was incorporated mainly into the D N A of AOB, and A O B abundance was correlated with am monia oxidation activity (35) . In other reports (23, 24) , inorganic-fertilizer am endm ent increased the copy numbers of amoA of AOB, and this increase was elim inated by added dicyanodiamide (DCD ) (an ammonia oxidation inhibitor), while A O A abundance did not respond to the same fertilizer am endment. The study by Schauss et al. (72) showed that both A O A and AOB were active ammonia oxidizers in soil am ended with organic fertilizer. Clearly, both domains have the potential to carry out ammonia oxidation.
To date, only a limited num ber of A O A have been isolated and/or enriched in laboratory culture. They have predom i nantly been from nonterrestrial (nonsoil) habitats: seawater aquarium filters, hot springs, and marine sedim ent (21, 28, 40, 59, 97) . Despite the common retrieval of archaeal 16S rR N A gene and amoA gene sequences from various terrestrial envi ronm ents, we are aware of only two soil-derived AOA, both members of the crenarchaeal group I.lb lineage: "Candidatus N itrososphaera viennensis" strain EN76 was isolated from gar den soil (85) . This narrow field of characterized A O A has im paired our ability to advance our understanding of A O A in soil environments. In the present study, we were able to obtain a highly enriched culture of an ammonia-oxidizing archaeon from an agricultural soil and to compare the am monia oxida tion properties of this A O A to those of AOB and, hence, to obtain clues about the role of A O A in the nitrogen cycle for soil environments.
MATERIALS AND METHODS
Soil sampling site. W e collected soil samples from plots planted with Caragana sinica at the experimental agricultural station of Chungbuk National University of South Korea (36°37'N, 127°27'E). The soils were loamy sand (sand, 82.4%; silt, 6.1%; clay, 11.5%) and did not receive nitrogen fertilizers due to C. sinica's ability to carry out nitrogen fixation. Bulk and rhizosphere soils collected at depths of 0 to 30 cm, respectively, were combined into a single 100-g sample and transported to the laboratory to be stored at 4°C before being used for inocu lation.
Cultivation of AOA. One gram of soil was inoculated into an artificial fresh water medium (AFM), and the cultures were grown aerobically in the dark without shaking at 25°C. The AFM contained the following components per liter of culture medium: 0.4 g MgCl2 • 6H20 , 0.5 g KCl, 0.2 g KH2P 0 4, 1.0 g NaCl, and 0.1 g CaCl2 • 2H20 . After autoclaving 1 ml nonchelated trace element solution (95), 1 ml NaFeEDTA solution (7.5 mM) and 3 ml NaHCOs (1 M) were added aseptically per liter of media. Unless stated otherwise, each starting batch culture was supplemented with 1 mM ammonium chloride as a sole energy source. After the oxidation of ammonia (typically after 3 weeks), 1% of the culture volume was transferred to fresh AFM. The pH of the medium remained almost constant (6.8 to 7.0) during the culture cycle. The concentrations of nitrite and nitrate were determined with an ion chromatograph (ICS-1500; Dionex, Sunnyvale, CA) with an OnGuard II Ag cartridge (Dionex). The ammonia concentration was determined colorimetrically (77) . After 2 years of triweekly transfers, the enrichment culture was 10-fold serially diluted in Hungate tubes and incubated under the same conditions used for the enrichment culture. The Hungate tube showing nitrification activity in most diluted series was checked for culture purity using microscopy and molecular techniques. The nitrification ac tivity was assessed spectrophotometrically by determining the decrease in the ammonia concentration in the Hungate tube.
The activity of ammonia oxidation by Archaea was analyzed in the presence of various antibiotics: streptomycin (100 |xg/ml), kanamycin (50 (xg/ml), ampicillin (50 (jug/ml), penicillin-G (50 |xg/ml), gentamicin (20 |xg/ml), mitomycin C (20 (jug/ml), and lincomycin (50 |xg/ml). The cultures were incubated for 3 weeks, as described for enrichment cultures. Ammonia oxidation activity and growth of Archaea were determined by spectrophotometry and by PCR amplification of archaeal 16S rRNA genes, respectively.
To compare the ammonia oxidation traits of strain MY1 to those of Nitro somonas europaea ATCC 19718, the AFM medium and cultivation conditions described above were used. Inocula (mid-log-phase cultures) were at initial cell densities of 1.2 X IO6 ± 0.1 X IO6 and 3.3 X IO6 ± 0.3 X IO6 cells/ml for strain MY1 and A. europaea, respectively. No nitrite was formed in the control that was not inoculated.
Quantification of gene copy numbers using real-time PCR. In order to deter mine AOA and AOB in the cultures, the copy numbers of the arno A and 16S rRNA genes were determined using primers described in Table 1 . Cells were harvested from a 50-ml culture by centrifugation and immediately frozen and stored at -70°C until further analysis. DNA was isolated from frozen cells using the Genomic DNA Prep Kit (Solgent, South Korea) according to the manufac turer's instructions. The concentration of DNA was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
All quantitative real-time PCR experiments were carried out using a MiniOpticon real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) and Opticon Monitor software version 3.1 (Bio-Rad Laboratories, Hercules, CA). For the amplification of all genes, the following thermal-cycling parameters were used: 15 min at 95°C and 40 cycles of 20 s at 95°C, 20 s at 55°C, and 20 s at 72°C. Readings were taken between cycles. Standard curves were generated to obtain the relationship between the known copy numbers of reference genes and cycle threshold (Cr ) values as previously described (61) . Standard curves were prepared in each run using standards of reference genes (archaeal 16S rRNA gene, DQ831586; bacterial 16S rRNA gene, FJ656473; archaeal amoA, EF534487; archaeal nirK, HQ631404; bacterial nirK and norB, JF737970 and JF737971, respectively) at abundances ranging from 0 to IO9 gene copies per reaction. These curves were used to estimate gene abundance in the enrichment samples. The specificity of real-time PCRs was tested by analyzing melting curves, checking the sizes of reaction products using gel electrophoresis, and sequencing of the reaction products. Information about the PCR amplification primers for each target gene is provided in Table 1 .
Phylogenetic analysis of 16S rRNA, amoA, and nirK genes. Archaeal 16S rRNA and archaeal amoA and nirK genes were amplified by PCR using the primers listed in Table 1 . The PCR conditions for both the 16S rRNA and amoA genes were as follows: 5 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at 55°C, and 45 s at 72°C; and 7 min at 72°C. The PCR conditions for the nirK gene ampli fication were 5 min 94°C; 35 cycles of 30 s at 94°C, 30 s at 50°C, and 45 s at 72°C; and 7 min at 72°C. Clone libraries were constructed using the PCR products, which were purified using the PCR Purification System Kit (Solgent, South Korea), ligated using the T&A Cloning Vector Kit (Real Biotech Corporation, Taiwan), and then transformed into Escherichia coli D H 5a cells according to the manufacturer's instructions. Both strands of the gene from the positive clone were sequenced using corresponding PCR primers (Table 1) . For phylogenetic analysis, the gene sequences of related taxa were obtained from the GenBank database. Multiple alignments of 16S rRNA gene sequences were performed using SILVA (http://www.arb-silva.de/aligner) (64) and considering the second ary structure of the rRNA gene. Shared regions of the amoA (560 bp) and nirK (460 bp) gene sequences were aligned using Qustal X (83) . Phylogenetic analyses were conducted using M EGA version 4.0 (43) , and the neighbor-joining tree was constructed using Kimura 2-parameter correction (39) with 1,000 replicates to produce bootstrap values.
Bicarbonate incorporation analysis. In order to determine bicarbonate incor poration by AOA during ammonia oxidation, a known amount of [13C]bicarbonate (99% 13C; Cambridge Isotope Laboratories, Andover, MA) was applied, resulting in a 6.0% labeling of total bicarbonate. A control culture was incubated under the same conditions without the addition of [13C]bicarbonate.
Total cells were harvested by centrifugation and freeze-dried for archaeal glycerol dialkyl glycerol tetraether (GDGT) membrane lipid analysis using the following procedures described by Pitcher et al. (62) . Briefly, the freeze-dried cells were extracted by a modified Bligh-Dyer extraction, and the intact polar lipids were acid hydrolyzed to release the core GDGTs. To measure the degree of 13C incorporation in archaeal GDGTs, they were analyzed on an Agilent (Palo-Alto, CA) 1100 series LC/MSD SL using selective ion monitoring as described in detail elsewhere (73) . m/z 1302 to 1312 and m/z 1292 to 1302 were measured in selected time intervals.
Determination of the kinetics of ammonia oxidation and oxygen uptake. Ki netic studies of oxygen uptake and ammonia oxidation were performed with the strain MY1 culture as described elsewhere (52) with appropriate modifications. Oxygen uptake was measured in an Oxygraph system (Hansatech Instruments Ltd., England) equipped with an SI Clark-type polarographic oxygen electrode disc, a 2-ml DW1 borosilicate glass reaction/sample vessel, magnetic stir bars, and the supplied Oxygraph Plus software. Oxygen microsensors were polarized continuously for > 3 h before use. All measurements were done in a recirculated water bath at 25°C. Activity measurements were carried out with late-exponential or early-stationary-phase cells by monitoring ammonia oxidation and nitrite
T A B L E 1. P rim ers u se d fo r P C R am plification fo r lib rary c o n stru ctio n an d re a l-tim e qu an tificatio n Target gene and primer Application Sequence (5' to 3') Position Note Reference 16S rR N A 519F A rc h a e a l quantification
A rc h a e a l clone library production by strain MY1 cells. Aliquots (10 ml) were removed from cultures and immediately transferred to prewarmed 25-ml glass tubes in a 25°C water bath. Subsamples were then used to fill the 2-ml DW1 electrode glass vessel assembled with an oxygen electrode disc and plunger assembly before being carefully sealed. Oxygen uptake was monitored continuously after an initial equilibration of at least 40 min. Ammonia was added as necessary from a stock solution using a Hamilton syringe. The apparent half-saturation constant (Km) for oxygen and ammonia and the maximum velocity (Fmax) were determined from plots of oxygen uptake rates. Determination of N20 yield. Production of N20 was measured in serum bottles (120 ml with a 70-ml headspace; sealed with a butyl rubber stopper) that contained 50 ml of AFM inoculated with strain MY1 or N. europaea. We used two different oxygen tensions for cultivation; one was fully aerated, and the other was oxygen limited. For the oxygen-limited condition, we removed oxygen from the medium by purging with N2 gas and then added only 2 ml of air to the headspaces of bottles. The cultures were incubated at 25°C for 2 weeks under dark conditions. Triplicate samples were prepared and incubated for determi nation of the N20 yield. The concentration of N20 gas in the headspace was measured with a gas chromatograph with an electron capture detector (GC/ ECD) (Agilent 6890A). Sample gas was taken from the headspaces of bottles using a 5-ml gas-tight syringe. The GC was fitted with a 1-ml sample loop and a 4-m stainless steel column packed with Porapak Q (Restek). The oven was isothermal (50°C), and N20 concentrations were determined three times for each sample. W e used six certified reference gas mixtures of N20 in nitrogen-0.198, 0.331, 0.550, 0.798, 12.0, and 94.9 (xmol N20/m ol-to calibrate the GC7 ECD. These reference gas mixtures were gravimetrically prepared by the Korea Research Institute for Standards and Science and verified by international com parisons, CCQM-K68, in 2010 (46) . The uncertainty in the N20 concentration was ca. 7%, caused by the nonlinearity of the ECD and the sampling procedure. Oxygen in the headspace was determined by using GC/thermal conductivity detector (TCD) as described previously (47) .
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FISH and electron microscopy analysis. Fluorescence in situ hybridization (FISH) was carried out on paraformaldehyde-fixed samples as described by Amann et al. (4) . Cells from a 10-ml culture volume were harvested and resus pended in phosphate-buffered saline (PBS) (130 mM NaCl, 10 mM sodium phosphate, pH 7.5), fixed by the addition of 3 volumes of cold paraformaldehyde solution (4% in PBS), and stored at 4°C for 16 h. Cells were harvested and washed 3 times with PBS solution to remove residual fixation solution and concentrated 10-fold by centrifugation in PBS solution. The fixed cell suspension was mixed with an equal volume of cold absolute ethanol, and the mixture was stored at -20°C. For the FISH analysis of Bacteria and Archaea, paraformalde hyde-fixed samples were hybridized with Cy3-labeled Archaea-specific probe (Arc915) (2) and 6-carboxyfluorescein (FAM)-labeled Bacteria-specific probe (EUB338) (3) . DAPI (4',6-diamidino-2-phenylindole) was used to visualize total cells. Samples were observed with a Nikon 80i fluorescence microscope (Nikon, Tokyo) with an oil immersion objective.
For scanning electron microscopy (SEM), cells were harvested and immersed in 4% (vol/vol) glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) for F IS H o f filtered cu ltu re sam ples w as u sed fo r d e te rm in a tio n o f arc h a e a l cell n um bers. T h e co n tro l cu ltu re co n tain ed n itra te in stea d of am m o n ia. T h e e r ro r b a rs re p re se n t th e sta n d a rd deviations fro m trip licate experim ents.
24 h at 4 C and dehydrated through a graded ethanol series (70 to 100%). The specimens were examined with a Zeiss DSM 940 electron microscope (Cari Zeiss). To enable transmission electron microscopy (TEM) analyses of AOA from the enrichment cultures, the cells from a 10-ml culture were fixed in a 2.5% paraformaldehyde-1.5% glutaraldehyde mixture buffered with 0.1 M phosphate (pH 7.2) for 2 h at 4:C, postfixed in 1% osmium tetroxide in the same buffer for 1 h, dehydrated in a graded ethanol series (70% to 100%), transferred to propylene oxide, and embedded in Epon-812 (TAAB, England) (50) . Ultrathin sections generated with an Ultracute (Leica, Austria) ultramicrotome were stained with uranyl acetate and lead citrate and examined with a CM 20 electron microscope (Philips, Netherlands) (68) .
Nucleotide sequence accession numbers. The sequences obtained in this study have been deposited in GenBank (NCBI) under accession numbers HQ331116 to HQ331117, HQ631403 to HQ631405, and JF737930 to JF37971.
RESULTS
Establishment of an ammonia-oxidizing enrichment cul ture. Soil samples were gathered from field plots where the leguminous plant C. sinica was growing and were used for enrichm ent cultivation of ammonia-oxidizing microorganisms. The properties of the soil were as follows: sandy loam texture; pH , 5.6; organic C, 16 g/kg; total N, 0.5 g/kg; ammonia N, 3 mg/kg; nitrate N, 6 mg/kg; and total P, 150 mg/kg. A fter the initial soil inoculum (1 g in 100 ml A FM ) catalyzed conversion of am monia to nitrate, the nitrifying culture was repeatedly transferred (1% [vol/vol]) to fresh A FM triweekly. Early signs that the culture carried active Archaea were derived from se quences of PCR-amplified archaeal 16S rR N A (prim er set 20F-1492R) and amoA (prim er set Aam oA F-A am oA R) genes (data not shown). The series of 1% enrichm ent transfers con tinued for 2 years. Finally, the culture was serially diluted to extinction in 10-fold steps, and the highest dilution showing nitrifying activity was selected for further characterization.
Characterization of the microbial community showed that the initially complex archaeal community became refined and eventually seem ed uniarchaeal, as revealed by a single band in denaturing gradient gel electrophoresis (D G G E) analysis (data not shown). Ammonia oxidation by the final (serially diluted) culture is shown in Fig. 1 . A fter inoculation (initial cell concentration, ca. IO6 cells/ml), ammonia was stoichiometrically converted to nitrite over a period of about 3 weeks. Concomitantly, growth of archaeal cells (determ ined by Archaea-specific FISH of filtered culture samples) occurred only in the inoculated treatm ent (Fig. 1) . In medium w ithout am monia as an electron donor, no archaeal growth was observed.
Bacterial 16S rR N A gene sequence analysis revealed that all sequences of Bacteria cooccurring in the Archaea-dom inated enrichm ent culture belonged to the Proteobacteria and Bacte roidetes ¡Chlorobi groups (see Quantitative purity of the ammonia-oxidizing archaeal en richment and partial characterization of its key autotrophic member, "strain MY1," using a 13C 0 2 incorporation assay. The degree to which the ammonia-oxidizing culture was en riched in Archaea was determ ined by microscopy of cell p rep arations, using domain-specific FISH probes. Ninety-one p er cent of the cells were archaeal, as determ ined by the ratio of cell counts/ml (1.4 X 10s ± 1.1 X 107Archaea versus 1.3 X IO7 ± 2.1 X IO6 Bacteria). This was confirmed with real-time PCR of domain-specific 16S rR N A genes,'. Archaea represented 90% of the rR N A genes (archaeal [1.1 X 10s ± 0.4 X 10s copies/ml] versus bacterial [1.0 X IO7 ± 0.2 X IO7 copies/ml]). The yield of Archaea from am monia oxidation was estim ated at 1.1 X IO5 cells/ml/fxM am monia consumed; this is lower than the yield reported for an acidophilic A OA, "Candidatus Nitrosotalea devanaterra" (4.5 X IO5 cells/ml/p,M am monia con sumed) (48) but higher than th at of the marine A O A "Candi datus Nitrosopumilus m aritim us" (5.0 X IO4 cells/ml/p,M ammonia consumed) (40) .
The bacterial cells present in the ammonia-oxidizing enrich- m ent could not be elim inated by treatm ent with various anti biotics (streptomycin, kanamycin, ampicillin, penicillin G, gentamicin, mitomycin C, or lincomycin); this was because the antibiotics inhibited both the Bacteria and the Archaea (see Fig. S2 in the supplem ental material).
A fter D N A extraction, attem pts to amplify bacterial amoA genes and 16S rR N A genes of gamma-and betaproteobacte ria! A O B using specific prim ers (bacterial amoA, am oA lFam oA2R and A189F-A682R; bacterial 16S rR N A gene, ßA M O F-ßA M O R ) failed. Flowever, nitrite-oxidizing bacteria (NOB) related to Nitrobacter vulgaris DSM 10236T (97.9% similarity [89] ) and Nitrospira sp. (95.7% similarity [32] ) were initially detected by PCR assays in the culture. NOB were eventually elim inated from the culture by using 10 p,M chlo rate, a N O B inhibitor. In contrast to the bacterial amoA genes, archaeal am oA genes could be amplified using specific primers (Table 1 ) . A rchaeal amoA gene amplicons, all sharing identical sequences, were obtained from 16 randomly selected library clones from the enrichm ent culture; they fell within "group A " of known archaeal am oA genes (Fig. 2) . The uniformity of the archaeal amoA gene library indicated a high-purity enrich ment.
PCR amplification and cloning of the archaeal 16S rRN A genes from the highly purified enrichm ent culture yielded a library of 20 identical sequences. Analysis of the 16S rR N A gene showed a sequence, here referred to as "strain M Y1," that is phylogenetically affiliated with group I .la within Crenarchaea, composed mostly of sequences from soil (Fig. 3) . The 16S rR N A gene tree (Fig. 3) shows two soil clusters in the I .la group that are distinct from the marine cluster; the latter contains mostly m arine sequences, including the first cultivated mesophilic ammonia-oxidizing archaeon, "Ca. Nitrosopumilus m aritim us" (40) . "Soil cluster 1" and "soil cluster 2" contain mostly sequences from terrestrial environments. The similari ties between the 16S rR N A gene sequence of strain MY1 and those o f "Ca. Nitrosopumilus m aritimus," "Ca. N itrososphaera viennensis," and "Ca. Nitrosoarchaeum limnia" (9) were 96.9%, 84.8%, and 99.1%, respectively, while the 16S rR N A gene sequence similarity between strains MY1 and 54d9, a fosmid clone of crenarchaeal group I.lb previously found in soil (86), was only 83.1% (Fig. 3) .
The phylogeny of strain M Y l's amoA sequence was congru ent with that of strain M Y l'sl6S rR N A gene sequence (com pare Fig. 2 and 3) ; this is consistent with M Y l's affiliation with the soil cluster of crenarchaeal group I.la . The similarities of the amoA (AmoA) sequences of strain MY1 to those of "Ca. Nitrosopumilus m aritimus," "Ca. N itrososphaera viennensis," and "Ca. Nitrosoarchaeum limnia" were 89.2% (96.7%), 70.0% (82.0%), and 94.5% (99%), respectively. The similarity of the amoA (AmoA) sequence of strain MY1 with that of 54d9 was 74.8% (83.7%) (Fig. 2) .
To further confirm that the active agent (strain MY1) in our highly purified enrichm ent culture was, in fact, an autotrophic archaeon, we investigated its carbon fixation capability with a labeling experiment. W e com pleted am monia oxidation assays in [13C]bicarbonate-am ended treatm ents (6.0% 13C enriched) and subsequently extracted glycerol dialkyl glycerol tetraethers (GD G Ts), known to be characteristic of Archaea (62, 76). As S3A and B in the supplem ental m aterial) and crenarchaeol (see Fig. S3C and D in the supplem ental m aterial) indicated complete incorpora tion of the 13C label into these A O A m em brane lipids, p ro viding evidence for autotrophic growth of strain MY1. The influence of environmental variables on ammonia oxi dation by strain MY1. In an attem pt to understand the phys iological capabilities that may have allowed strain MY1 to function in terrestrial environments, the traits of strain MY1 were com pared to those of an ammonia-oxidizing bacterium in soil, A. europaea ATCC 19718. T reatm ent with known am m o nia oxidation inhibitors (10 p,M nitrapyrin, 50 p,M chlorite, or 500 (xM D CD ) strongly inhibited ammonia oxidation by both strain MY1 andIV. europaea. However, allylthiourea (up to 500 (xM) did not inhibit archaeal ammonia oxidation by strain MY1, while A. europaea was very sensitive to allylthiourea (<10 (xM) (see Fig. S4 in the supplem ental material). The typical MIC of allylthiourea for ammonia oxidation by AOB is ca. 1 to 10 (xM (8) .
The abilities of strain MY1 and A. europaea ATCC 19718 to convert ammonia to nitrite were also com pared. U nder our culture conditions, oxidation of ammonia by strain MY 1 only started after 9 to 12 days of inoculation, while no lag time was detected in A. europaea. Ammonia oxidation by strain MY1 was not significantly inhibited in the presence of up to 5 mM ammonia and was still observed at 10 mM (Fig. 4A) . In the presence of 20 mM ammonia, ammonia oxidation by strain MY1 was completely inhibited, while no inhibition of ammonia oxidation was observed at this concentration for A. europaea. This result indicates that, like other A O A (51, 59), strain MY1 has a lower tolerance for ammonia than AOB.
N itrite produced by ammonia oxidation is toxic and may suppress the growth of ammonia oxidizers (79, 81 ) . Strain MY 1 was more sensitive to nitrite than A. europaea (Fig. 4B) . Above 2 mM nitrite, ammonia oxidation by strain MY1 was inhibited. Although ammonia oxidation by strain MY1 was still observed with up to 5 mM nitrite, it was completely inhibited with 10 mM nitrite. However, am monia oxidation by A. europaea was not affected by 10 mM nitrite and possibly even higher nitrite concentrations (Fig. 4B) .
The responses to tem perature were similar for strain MY1 and A. europaea (Fig. 4C) . Strain MY1 showed maximum am monia oxidation at 25°C, with a slightly decreased rate at 20°C. However, the ammonia oxidation rate for strain MY1 was significantly reduced at 15°C; it took 6 m onths for complete oxidation of 1 mM ammonia (data not shown).
Strain MY1 showed optim al ammonia oxidation at pH 7.0. A t p H 6 and 8, the lag time was slightly increased. A. europaea showed an optimum pH range of 7 to 9 (Fig. 4D) . A t pH 6, the growth of A. europaea was depressed, and oxidation of 1 mM ammonia was not complete after prolonged incubation. This result indicates that the optim al pH s for ammonia oxidation were slightly basic and neutral for A. europaea and strain MY1, respectively.
Growth of strain MY1 was in the range of 0.1 to 0.4% salinity and was severely inhibited at <0.1 and >0.4% salinity (Fig. 4E) . A. europaea was not sensitive to salinity up to 2%, although the strain was isolated from a soil environment. The properties dem onstrated here indicate that strain MY1 is mesophilic, neutrophilic, and nonhalophilic.
Kinetics of ammonia oxidation and oxygen uptake. The am monia oxidation rate was determ ined during batch growth ex perim ents with strain MY1 (Fig. 1) . The specific oxidation rate of am monia was 2.5 fmol cell-1 day-1 , which is much lower than that of AOB (36) . Strain M Y l's rate was only slightly lower than th at reported for "Ca. Nitrosopumilus m aritim us" (4.0 fmol cell-1 day-1 [40] ) and than for A O A enrichm ent cultures from marine sediments originating in the E ast Sea, South K orea (2.8 fmol cell-1 day-1 [59] ), the Arctic Sea (3.0 fmol cell-1 day-1 [59] ), and the N orth Sea (4.3 fmol cell-1 day-1 [97] ). A mmonia oxidation by strain MY1 was signifi cantly inhibited by shaking, which was also observed in "Ca. Nitrosopumilus m aritim us" (51) and in A O A enriched from marine sediments (59) .
Oxygen uptake coupled with am monia oxidation was respirometrically m easured in order to determ ine the affinities (Km) for oxygen and ammonia of strain MY1. The kinetics of am monia oxidation and oxygen consumption by strain MY 1 fol lowed M ichaelis-Menten-type kinetics ( Table 2 ). The affinities for oxygen and ammonia (and maximum rates of oxygen u p take and am monia oxidation) for strain MY1 were slightly lower than those of "Ca. Nitrosopumilus m aritim us" (51) and A O A enriched from marine sediments (59) . However, the af finities for oxygen and ammonia of strain MY1 were much higher than those of AOB, and the maximum rates of oxygen uptake and ammonia oxidation in strain MY1 were much lower than those of AOB ( Table 2 ). The K rn range of AOB is broad, from ca. 30 to 2,000 p,M (42, 45, 63, 78) . These results indicate that, as reported for marine A O A (51, 59), strain MY1 is physiologically adapted to low levels of ammonia and oxygen. N20 production. Microbial N 20 production arises during nitrification (via chemical decomposition of hydroxylamine and nitrite) and during de nitrification via the direct action of nitric oxide reductase (NorB) on NO (18) . We m onitored N 20 production by strain MY 1 and A. europaea in batch cultures with various ammonia and oxygen concentrations ( Table 3) . The total am ount of N 20 accum ulated by strain MY1 was substantial but far lower than th at produced by A. europaea : at 2 mM ammonia, strain M Y l's N 20 production was 18% of that of A. europaea (Table 3 , column 2); when normalized to the nitrite yield (Table 3 , column 4), the yield of N 20 by strain MY1 was ca. 15% of that of A. europaea. In tests at 4 mM ammonia, the trend toward relatively low ( -14 to 16%) N20 production by strain MY1 recurred ( Table 3) . As expected for an aerobic process, reduction of the oxygen tension drastically reduced the proportion of am monia oxidized (0.3 to 0.4 mM in the 2 mM ammonia treatm ents) for both strain MY1 and A. europaea', corresponding yields of N 20 when normalized to nitrite increased about 2-fold for both cultures (Table 3) .
The nirK gene (encoding nitrite reductase) confers nitrite tolerance in nitrifiers and is involved in nitrifier denitrification, reducing nitrite to NO, which can then be further reduced to N 20 (96) . nirK was successfully PCR amplified from strain MY1; the gene showed 85.8% and 40.4% nucleotide sequence similarities with those of "Ca. Nitrosopumilus m aritim us" and To address the possibility that denitrifying Bacteria in the co culture might contribute to N 20 production, we sim ultane ously m onitored bacterial nirK and norB gene expression: nei ther was expressed (see Fig. S6 and Table SI in the supplem ental material). We acknowledge th at the high speci ficity of reverse transcription (RT)-PCR assays may fail to detect related m R N A targets (in this case, expressed bacterial nirK and norB); nonetheless, the assay is broadly accepted as state of the art for assessing expression of genes involved in N 20 production by de nitrification pathways (11, 15) . b After the headspace was replaced by N2 gas, 2 ml air was injected. Headspace oxygen was 0.34% (0.03%) (vol/vol) under low-oxygen conditions, which is equiv alent to 0.4 mM dissolved oxygen. The control (without inoculation) showed about 372 (23.5) ppb N20 , which corresponds to the atmospheric N20 concen tration in the laboratory.
c The initial archaeal and bacterial cell concentrations in the culture were 1.7 X IO6 and 1.5 X IO6 cells/ml, respectively. does not inhibit de nitrification) completely inhibited the p ro duction N 20 , and (iv) neither of the two bacterial genes that might potentially participate in N 20 production by Bacteria present in the coculture was expressed. Thus, by weight of evidence, we conclude that the archaeal strain MY1 is the agent in N 20 production.
Ultrastructural analysis. FISF1 analysis showed archaeal dominance over bacteria in the strain MY1 culture (Fig. 5A  and B) . Unlike other rod-shaped mesophilic archaeal cells (40, 48) , ribosomes of strain MY1 were not largely concentrated at the poles. As observed in Fig. 5C , the chromosomes of strain MY1 were mostly localized at the sides of the cells. The cells were Gram negative. SEM analysis revealed short-rod m or phology (diam eter, 0.3 to 0.5 pm , and length, 0.6 to 1.0 pm ) with a slightly curved peanut shape (Fig. 5D ). Thin-section T E M analysis showed th at strain MY1 appeared to have a significant intracellular volume with low electron density ( Fig.  5E and F) . Such a structure, consisting of inner m embrane and periplasmic space, is unusual in the archaeal domain and has previously been described only in the thermophilic crenar chaeal genus Ignicoccus (44, 65) . It is not clear if the electrondense space is enveloped by a membrane.
DISCUSSION
This study revealed that an autotrophic ammonia-oxidizing archaeon affiliated with the soil cluster of crenarchaeal group I .la was enriched from an agricultural soil. The medium com position and cultivation conditions for the enrichm ent were not drastically different from those for typical AOB isolated from soil. We speculate th at Archaea, not Bacteria, were enriched because of a combination of the native archaeal populations in the soil inoculum and the biochemical traits (especially am mo nia and oxygen affinities [ Table 2 ] ) that were fortuitously suited to our incubation conditions. We were unable to eliminate cocultured bacteria, despite efforts utilizing serial dilution cul tures and/or antibiotic treatm ents. The vast majority of prior reports of Archaea carrying out am monia oxidation have been derived from enriched cocultures (21, 28, 59, 97) ; the notable exceptions are the pure culture, "Ca. Nitrosopumilus m ariti m us" (40) , and "Ca. N itrososphaera viennensis" (85) . Oxida tion of am monia by strain MY 1 began after a substantial lag period, while N. europaea showed no observable lag period under our culture conditions (see Fig. S3 in the supplem ental material). Such lag periods have been frequently observed (28, 59 ) before initiation of am monia oxidation by AOA. Also, Park et al. (59) dem onstrated that growth of sulfur-oxidizing bacte ria was a prerequisite for the enrichm ent culture of A O A from marine sediment. Despite significant effort in the present study to obtain a pure archaeal culture (e.g., see Fig. SI and S2 in the supplem ental material), we found that three typical terrestrial heterotrophic bacteria among the Proteobacteria (Acinetobac ter, Pseudomonas, and Variovorax) persisted in the nitrifying culture. This observation leads us to raise the possibility that interdom ain population interactions may contribute to the suc cessful cultivation of AOA; further investigation is warranted.
Ammonia concentration is known to select for distinct groups of AOB in soils (93) . Tolerance of ammonia by AOB has been docum ented up to 600 mM (41, 80) . Tolerance for ammonia toxicity by strain MY 1 was much lower than that of N. europaea (this study) and slightly lower than that of "Ca. N itrososphaera viennensis" (15 mM [85] ). In contrast, strain M Y l's tolerance for ammonia was slightly higher than th at of other AOA, including the marine "Ca. Nitrosopumilus m ari tim us" (51), A O A enrichm ent culture A R (4.0 mM [59] ), and "Candidatus N itrososphaera gargensis" (3.1 mM [28] ). This tolerance by strain MY1 is consistent with generally higher ammonia concentrations that occur in soil pore waters than in marine environm ents (<0.03 to 1 jxM in the open ocean and <0.03 to 100 (xM in coastal waters [14] ).
Strain MY1 was also more sensitive to nitrite than N. euro paea (Fig. 4B) . Thus, tight metabolic coupling of A O A and NOB might be essential for the activity of A O A in soil niches. Strain MY 1 showed active nitrification in a typical pH range of neutral soil (pH 6 to 8). The activity of A O B has been found to be severely repressed below p H 7 and thus is considered more favored in neutral and basic environments (1, 36) . Although ammonia oxidation by A O A was optim al at 20 to 25°C, it was still observed at 15°C with severe repression. In contrast, al though "Ca. N itrososphaera viennensis" was isolated from tem perate soil, the optim al growth tem perature was 37°C (85) . We also docum ented that strain MY1 has a relatively high affinity for ammonia and oxygen (Table 2 ). These traits have been shown in other A O A to provide im portant competitive advantages (51, 59 ) and likely provide similar advantages to strain M Y l-like Archaea in soil. A O A 's preference for oligotrophic environments may correspond to the general capacity of archaeal groups to dominate and outcom pete Bacteria under environm ental conditions of chronic energy stress (87) . Taken together, our results imply that strain MY1 and its relatives are adapted to carry out autotrophic am monia oxidation in tem perate soils. Inhibitors of am monia oxidation significantly repressed am monia oxidation by both strain MY1 and N. europaea. H ow ever, tolerance for inhibition of allylthiourea of strain MY1 was much higher than that of N. europaea. It was reported that "Ca. N itrososphaera gargensis," enriched at 46°C from a hot spring, showed some degree of tolerance for 100 jxM allylth iourea (28) . Differential tolerance for ammonia oxidation in hibitors could be employed to assess the relative contributions A utotrophic nitrification is known to be a significant source of N 20 in soil environments (17, 36, 37, 74) . Recently, Santoro et al. (70) reported that marine A O A (crenarchaeal group I.la ) can produce N 20 . Since the predom inance of archaeal over bacterial amoA genes in various soils was dem onstrated (49, 56, 72, 99) , N 20 produced by A O A has been suspected to be an overlooked but significant source of greenhouse gas emissions from soils. In this study, we observed that strain MY1 clearly produced N20 during ammonia oxidation (Table  3) ; the N 20 yield was 5-to 6-fold lower than that from N. europaea under the same conditions. However, the N 20 p ro duction rates are expected to be variable, depending on the ammonia concentration and dissolved oxygen concentration, as reported elsewhere (27, 34) . It is accepted that the values for molar yield of N 20 on the basis of nitrite produced are more robust for relative comparisons (74) . The yield of N 20 from strain MY1 on the basis of nitrite produced (0.13 to 0.23%) falls in the same order of magnitude as AOB: Nitrosospira spp. and Nitrosomonas spp. (0.03 to 0.7% [74 ] ),N. europaea strain 28 (0.05 to 1.95% [67] ), Nitrosomonas sp. strain A TCC 25978 (0.2%), Nitrosospira sp. strains (0.05 to 1% [36] ), and other AOB (0.05 to 3.3% [17] ). Oxygen-limited conditions increased the yield of N 20 at 2 mM ammonia, and this type of response has typically been observed in AOB (17) . Overall, these results indicate that N 20 production from soil A O A should be con sidered a significant source of greenhouse gases em itted from soils.
Two different physiological pathways of N 20 production by nitrifiers have been proposed: (i) during ammonia oxidation, chemical decomposition of the metabolites hydroxylamine and nitrite, and (ii) during respiratory reduction of nitrite to dini trogen (involving nirK and norB), N 20 is a key m etabolite (5, 96) . The presence of the nirK gene was docum ented in strain MY1 (see Fig. S5 in the supplem ental m aterial); in "Ca. N i trosopumilus m aritim us" (92) , and, likewise, in the A O A en richm ent cultures SJ and A R; and in several environm ental metagenomic studies (7, 86, 90) . H ere, we showed in strain MY1 that the archaeal amoA and nirK genes were highly ex pressed during am monia oxidation (see Fig. S6 and Table SI in the supplem ental m aterial). In the genome of strain MY1 (38), we have not been able to recognize the canonical hydroxyl amine oxidoreductase or nitric oxide reductase (nor) gene. Thus, the mechanism by which strain MY 1 produces N 20 is unclear. The biochemical and genetic mechanisms involved in the production of N 20 by A O A should be explored in the future.
The sequences of the 16S rR N A and am oA genes related to those of strain MY1 have been widely detected in previous reports examining various types of terrestrial environments, including agricultural soils (56, 58, 84, 99) , lake littoral rhizosphere (30) , contam inated ground w ater (98) , and w ater trea t m ent plants (60, 88) (see also the reference sequences in Fig.   2 and 3 ). These phylogenetic analyses imply that M Y l-like A O A may be cosmopolitan ammonia-oxidizing archaea in te r restrial environments. Particularly interesting is the match be tween strain M Y l's 16S rR N A and am oA gene sequences and several previously reported clones from soil microcosm stud ies: 16S rR N A gene clone CS16S_52_7.5 (97.6% similarity [56] ) and am oA gene clones CSamoA_71_7.5 (95.4% [56] ), CBSamoAl-1-4 (95.1% [84] ), band 11-2 (94.5% [58] ), and HBD1-9 and TS1-16 (94.1% and 94.3%, respectively [99] ). Signals from all of these sequences showed enhanced intensity during am monia oxidation in agricultural plots and thus sug gest the likely involvement of M Y l-like organisms in soil ni trification.
Strain MY1 is a new mesophilic ammonia-oxidizing ar chaeon cultivated from soil. Based on the results of this study, we propose, according to M urray and Stackebrandt (54), p ro visional classification of the novel strain as "Candidatus N itro soarchaeum koreensis."
Taxonomy. The short description of "Canditatus N itrosoar chaeum koreensis" sp. nov is as follows: K o.re.en'sis. L. masc. adj. koreensis, of or belonging to Korea. Locality. Tem perate soils. A O A with nearly identical 16S rR N A and amoA gene sequences have been detected in various terrestrial environ ments, including soils, freshwater and groundwater. D iagnos tics. Short rod-shaped cells with a size of 0.3 to 0.5 by 0.6 to 1.0 (xm. Periplasmic space is extraordinarily wide with inner m em brane-like structure. G ram negative. Aerobic chemolithotrophic metabolism with oxidation of ammonia to nitrite. Carbon dioxide is used as the sole carbon source. N onm arine. Growth range between 15°C and 30°C with an optim um at 25°C. Growth p H range between 6 and 8 with an optim um at 7.0. N itrite was not toxic up to 2 mM with a tolerance limit of 5 mM. H alf-saturation constants (affinity) for oxygen and am monia are 10.38 and 0.69 (xM, respectively. A dapted to am monia concentrations up to 5 mM with a tolerance limit of 10 mM. N20 was produced. Produces characteristic G D G T m em brane lipids, including crenarchaeol. Phylogeny. Phylogenetically assigned to the genus Nitrosoarchaeum of the phylum Crenarchaea based on 16S rR N A gene (HQ331116), amoA gene (HQ221117), and genomic sequence (AFPU00000000). N ot isolated. W e th a n k E. C. H o p m a n s fo r technical support.
